Influenza vaccination does not provide 100% protection from infection, partly due to antigenic drift of the haemagglutinin (HA) protein. Low serum antibody titres increase the risk of infection. To determine whether there were additional correlates of risk, we examined the relationship between human serum immunity and antigenic variation in seasonal H3N2 influenza viruses. Seasonal H3N2 vaccine strains grown in the presence of heterogeneous human or mono-specific ferret antisera selected variants with mutations in the HA antigenic sites. Surprisingly, circulating strains infecting human subjects in the same seasons displayed mutations in the same positions, although only in one case did the change correspond to the same amino acid. Serum antibody titres were lower against both the in vitro selected and clinical isolates compared with the vaccine strains, suggesting that the mutations are relevant to vaccine failure. Antibody titres were also significantly lower in sera from infected subjects than in non-infected subjects, suggesting relatively poor responses to vaccination in the infected subjects. Collectively, the data suggest that risk from influenza infection is a result of poor response to vaccination, as well as encounter with drifted seasonal influenza virus antigenic variants. The results also show that directed selection under human immune pressure could reveal antigenic variants relevant to real-world drifted viruses, helping in annual vaccine re-formulation.
Introduction
Despite efforts to vaccinate, influenza A (IAV) and B (IBV) viruses are two of the most common causes of respiratory virus infections in humans. 1 IAVs are classified in subtypes, according to the major two surface glycoproteins haemagglutinin (HA) and neuraminidase (NA). In humans, the most frequent seasonal subtypes of IAVs are the H3N2 and the H1N1, and two lineages of IBVs. Accordingly, the seasonal influenza vaccines include three or four viral strains (H1N1, H3N2, and one or two IBVs). 2 Influenza virus vaccines confer protection mainly through the induction of neutralizing antibodies that block HA attachment to sialic acid-bearing proteins on the cell surface, 3, 4 and to a lesser extent to the NA, which can inhibit the ability of the NA to facilitate virus release from infected cells. 5, 6 The influenza HA receptor is a trimer consisting of HA1 and HA2 subunits. HA1 forms the globular head domain containing the receptor-binding site, and is the least conserved influenza virus protein. HA2 together with some HA1 residues forms a stalk-like domain, which includes the transmembrane region and is highly conserved. Antibodies directed against the head of the HA are the most abundant of the neutralizing antibodies after vaccination, although antibodies directed against the more conserved HA-stalk domain have been found in humans. [7] [8] [9] [10] [11] [12] ª 2016 The Authors. Immunology Published by John Wiley & Sons Ltd., Immunology, 148, 160-173
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Since 1968, H3N2 IAVs have been continually circulating in humans and undergoing antigenic drift. 13 This process has been more extensively studied for the HA protein, but it has been shown that the NA can also undergo antigenic drift. 14, 15 Antigenic drift necessitates periodic updates to the virus strains contained in the seasonal vaccine to maintain a good match with circulating viruses. [16] [17] [18] Drift is believed to occur due to immune pressure resulting in selection of viruses that can escape. Many studies have demonstrated the selection of escape mutations in the HA, and to a lower extent in the NA, in the presence of monoclonal antibodies 19 or immune animal sera. 20, 21 However, few studies have directly demonstrated the selection of mutations in the HA protein using human sera, 22 a process that could aid in the selection of the strains used for vaccination.
In most years, the strains of influenza in the vaccine and those circulating match well, but every so often the vaccines poorly match the predominant circulating viruses, and protection is further reduced. [23] [24] [25] [26] Even when the vaccine is a good match, protection is < 100%, 27 raising the question of why some individuals are not protected in spite of recent immunization. One explanation is that the viruses that are circulating are in fact antigenically distinct enough from the vaccine strains that they can escape the vaccine-induced immunity. The second possibility is that the vaccine fails to elicit a protective antibody response in some people in terms of amount or specificity. However, few studies have compared the reactivity of immune sera obtained from flu-infected patients against the infecting and vaccine viruses.
In this study, we evaluated the relationships between human immunity to influenza and selection of in vitro selected and naturally occurring antigenic variants. We observed a close match between the artificially selected and natural clinical variants, suggesting a method to reveal potential mutations likely to occur in seasonal viruses that contribute to antibody evasion. This could improve strategies to predict emerging seasonal variants and update the strain vaccine accordingly.
Materials and methods

Study design and human subjects
Human subjects were enrolled as part of either an 'acute influenza' surveillance protocol, or from a prospective 'family flu' surveillance study of families with at least one child in the household < 4 years of age (denoted with an 'F' after the subject number; see Supplementary material, Table S1 ). In both cohorts, subjects reporting influenzalike illness (fever, cough, rhinitis) were asked to visit the University of Rochester Vaccine Research Unit for sampling by nasal wash and nasopharyngeal swab (combined). Sera from subjects enrolled in the acute influenza surveillance protocol were obtained at the acute visit (2-3 days post-infection), and around 28 days later. For the 'family flu' surveillance protocol, sera from subjects were obtained before the start of the flu season, and around 28 days after the acute illness visit. Subjects with a positive RT-PCR for influenza A or B were subsequently asked to return to the Vaccine Research Unit for additional sampling. In the families, close contacts of the infected subjects were also sampled by nasal wash and nasopharyngeal swab and blood draw. Families were followed for at least 1 week for evidence of infection. Some of these people received influenza vaccination at the Tables S1  and S2 ). Each study was approved by the University of Rochester Human Research Subjects Review Board (protocol numbers 09-0034 and 07-0046). Informed written individual or parental consent was obtained for each participant.
Cells and viruses
Madin-Darby canine kidney (MDCK) cells were obtained from the American Type Culture Collection (CCL-34; ATCC, Manassas, VA). MDCK cells were grown in Dulbecco's modified minimal essential medium (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (Gibco) and 100 units/ml penicillin, 0Á1 mg/ml streptomycin and 50 lg/ml gentamicin (Gibco).
The influenza vaccine strains A/Victoria/361/2011 and A/Perth/16/2009, grown in eggs, were obtained from BEI Resources, Manassas, VA (NR-44022) and Influenza Reagent Resource, Manassas, VA (FR-370), respectively.
Virus isolation and titrations
Starting with nasal washes, MDCK cells were inoculated and observed for cytopathic effect. Supernatants were collected and used to infect fresh cells. In the case that no cytopathic effect was observed, supernatants were collected at 72 hr post-infection, and used to infect fresh cells up to three serial passages. For virus titrations, confluent MDCK cell monolayers were infected with 10-fold serial dilutions, monolayers were overlaid with agar and incubated for 3 days at 37°. Viral plaques were visualized 3 days post-infection fixing the cells with 10% formaldehyde and staining them with crystal violet. All the infections were performed in the presence of 1 lg/ml of TPCK trypsin (Sigma, St Louis, MO).
For virus titrations, confluent MDCK cell monolayers were infected with 10-fold serial dilutions, monolayers were overlaid with agar and incubated for 3 days at 37°. Viral plaques were visualized 3 days post-infection fixing the cells with 10% formaldehyde and staining them with ª 2016 The Authors. Immunology Published by John Wiley & Sons Ltd., Immunology, 148, 160-173 crystal violet. All the infections were performed in the presence of 1 lg/ml of TPCK trypsin (Sigma).
Virus passages
Viruses A/Perth/16/2009 and A/Victoria/361/2011 and viruses isolated from patients were incubated for 1 hr at room temperature with limiting neutralizing dilutions of sera from patients (acute visit), and ferret sera, or in the absence of sera. Then, sera-virus mixtures were used to infect MDCK cells. When cytopathic effect was evident, total RNA was collected, an RT-PCR was performed, and the PCR products were sequenced, using the protocol described above. Supernatants were collected and passaged in the presence of sera, up to 10 times.
Competition experiments
The viruses obtained after growing the reference vaccine strain A/Victoria/361/2011 in the presence of immune sera were mixed with the original A/Victoria/361/2011 virus in a proportion of 1 : 10. The mixtures were incubated with the patient sera for 1 hr at room temperature, and the mixtures were used to co-infect MDCK cell monolayers. When cytopathic effect was 10%, cellular extracts were collected, and the HA protein was sequenced as described above.
HA sequencing
RNA was obtained from 300 ll of patient nasal washes using the QIAamp viral RNA extraction kit (Qiagen, Hilden, Germany) or from cell culture extracts using the RNeasy mini kit (Qiagen) according to the manufacturer's instructions. Reverse transcription reactions were performed for 2 hr at 37°using the High-capacity cDNA reverse transcription kit (Life Technologies, Carlsbad, CA), and the primers HA-A(H3) 
Clade classification and phylogenetic tree
Isolated viruses were aligned with H3N2 clade reference strains (http://ecdc.europa.eu/en/publications/Publications/ influenza-virus-characterisation-April-2015.pdf), using the MUSCLE algorithm. Phylogenetic trees were created using PHYML analysis 28 
Principal component analysis for displaying antigenic relatedness between influenza viruses
The amino acid HA sequences were aligned using the CLUSTAL multiple alignment tool. To determine antigenic relatedness, the amino acids were restricted to the five neutralizing epitopes (A, B, C, D and E) of the HA protein. 29 The percentage of amino acids differing between a set of viruses was calculated for each epitope and a distance matrix was constructed. To account for differences in neutralizing efficiency difference between epitopes, each epitope's distance matrix was weighted using the distance from the centroid of the atomic positions of amino acids found in each epitope and the centroid of atomic positions of the receptor-binding site. 30 The distance matrices for each of the epitopes were then summed and principal component analysis was performed using the FACTOMINER R package. After an absorption period of 60 min, the inocula were removed, and the cells were cultured for 3 days in Dulbecco's modified minimal essential medium containing 10% fetal bovine serum and 1 lg/ml of TPCK trypsin (Sigma). Then, a haemagglutination assay was performed to analyse virus production. The MN titre was defined as the highest dilution of serum that completely abolishes the growth of influenza virus. When HAI and MN titres were below the limit of detection (< 10), an arbitrary value of 2 was considered.
HA inhibition and virus microneutralization assays
Avidity assays
Guinea pig RBCs (Lampire Biological Laboratories) were treated with different amounts (from 25 000 to 0 lg/ml) of RDE (Denka Seizen) during 90 min at 37°. The RBCs were then washed with PBS, and 0Á7% (volume/volume) RBC solutions were made in PBS; 50 ll of RBC solution was mixed with 8 HA units of virus (as determined in non-RDE treated RBCs), and the mixtures were incubated for 2 hr at 4°, before agglutination was measured.
Statistical analysis
Differences were examined by the Wilcoxon rank sum test for between-group comparisons and by the Paired t-test for paired-sample comparisons. For HAI or MN titres below the limit of detection, 10 an arbitrary value of 2 was assigned.
Results
Selection of HA variants by growing influenza viruses in the presence of ferret and human immune sera
At least five antigenic sites (A-E) have been assigned to IAV of H3N2 subtype. 31, 32 It has been shown that after influenza virus exposure, human and ferret antisera contain antibodies that differ in the antigenic sites recognized. 2, 33 To determine whether these differences can be used to interrogate mutability in seasonal vaccine strains of the virus, vaccine and circulating influenza strains from matching seasons were grown in the presence of different human and ferret antisera. The vaccine strain A/Victoria/ 361/2011 (from the 2012/13 season), was passaged in the presence of sera from the acute visits of six subjects (numbers 55, 58, 65, 87, 90 and 91), or in the presence of sera from ferrets infected with A/Victoria/361/2011. In addition, the viruses isolated from three subjects (numbers 58, 85 and 91), were passaged in the presence of the sera from each corresponding subject and in the presence of A/Victoria/361/2011 ferret antisera. As expected, no mutations of known antigenic sites were found in any virus passaged in the absence of sera and no mutations in antigenic sites were observed for the clinical isolates passaged in matched serum (Table 1 and data not shown), demonstrating that the matched serum-virus combination does not select for additional antigenic variation. Interestingly, human immune sera selected A/Victoria/361/2011-derived viruses incorporating non-silent mutations in known antigenic sites, but not elsewhere (Table 1) . Sera from patients 55, 58 and 91 selected the same three-point mutations (Q172R, D206E, Y235S, in antigenic sites B, B and D, respectively). In addition, sera from subject 58 selected the mutation F175L, in antigenic site B. Sera from patients 65, 90 and 87 selected viruses with mutations T144N (site B), I242N (site D) and I156R: N142D (site A), respectively. Similarly, immune ferret antisera selected a virus with a mutation I242S (site D). Silent mutations were not found in any virus, suggesting that immune sera exert non-random positive pressure in the viruses. These results indicate that viruses presenting mutations in antigenic sites are selected in the presence of immune sera. Further, different serum pools selected different antigenic mutations, demonstrating variability in immunity among the human subjects distinct from ferret antisera.
To test whether the variants selected in the HA protein contribute to immune evasion, HAI assays were performed with sera from ferrets infected with the vaccine strain A/Victoria/361/2011, and the viruses from passage 10 grown in the absence of sera, or in the presence of sera from patients 55 and 91 (incorporating mutations Q172R, D206E, Y235S), 58 (incorporating mutations Q172R, F175L, D206E, Y235S), 65 (incorporating mutation T144N), 87 (incorporating mutations N142D and I156R) and 90 (incorporating mutation I242N). It has been shown that MDCK-grown H3N2 viruses can acquire mutations in the NA protein, which can facilitate the agglutination of red blood cells through the NA protein. 34, 35 All the HAI assays were therefore performed in the presence of oseltamivir, a compound that binds in the sialic acid binding site of NA protein. 36 Ferret sera antibody titres for virus A/Victoria/361/2011 passaged in the presence of sera from patients 58 and 91, and from patients 55 and 90 were, respectively, four-fold and twofold lower than those against the virus passaged in the absence of sera ( Table 1 ), suggesting that the mutations selected affect antibody recognition.
To analyse whether the antigenic variants have any growth advantages in the presence of human sera, the vaccine virus A/Victoria/361/2011 and the virus incorporating mutations Q172R, D206E, Y235S, were mixed at a proportion of 10 : 1, incubated in the presence or absence of immune sera from the acute visit of patient 55, and the mixture was used to co-infect cells. In the cultures without sera, as expected, the predominant virus produced was the vaccine strain virus (Fig. 1) . However, in the cells co-infected with the viruses incubated in the presence of immune sera, the antigenic variant presented a selective advantage, even in a one-step infection (Fig. 1) . These data further suggest that mutations that allow the viruses to evade immune pressure provide a selective growth advantage in immune subjects.
To analyse the possibility that the escape antigenic mutations revert when the immune pressure is removed, the viruses from passage 10 grown in the presence of sera from patients 55 (incorporating mutations Q172R, D206E, Y235S), 65 (incorporating mutation T144N), 87 (incorporating mutations N142D and I156R) and 90 (incorporating mutation I242N) were passaged six times in MDCK cells in the absence of sera. No reversion was observed for any HA protein mutation (data not shown), suggesting that the mutations selected under immune pressure remain stable.
To determine whether selection of these escape mutants was unique to A/Victoria/361/2011, the vaccine strain A/ Perth/16/2009 was passaged in the presence or absence of sera from the acute visits of five patients (numbers 21, 23, 38, 40 and 47) . No mutations in antigenic sites were observed for the viruses passaged in the absence of sera, though one silent mutation at nucleotide 1326 was observed. Sera from patients 21, 23 and 38 selected viruses with the mutations Y211H (site B), S278N (site E) and K108N (site E), respectively ( Table 2 ). No differences in HAI titres were observed between the original A/Perth/16/ 2009 and the viruses incorporating the mutations specified in Table 2 (data not shown); however, as these changes are (Tables 3 and 4) . 26, 30 Viruses from the 2012/ 13 season incorporated mutations in three (six viruses), four (six viruses), or five (one virus) antigenic sites, with five to eight unique amino acid changes (Tables 3 and  4) . 26, 30 In addition to these previously described positions for antigenic sites, mutations I239V, M239V, N505D and (Table 3 ). The antigenic site differences between the HA protein of circulating viruses (from subjects 85 and F46) and vaccine strains showing the most prevalent mutations are illustrated (Fig. 2) . From the 2010/11 season, 7Á7% of the viruses corresponded to clade 3A, 46Á1% of the viruses corresponded to clade 3C, 38Á5% of the viruses corresponded to clade 5, and 7Á7% of the viruses corresponded to clade 6 (see Supplementary material, Table S2 and Fig. S1 ). From 2012/13, all the viruses corresponded to clade 3C, as did the vaccine strain A/Victoria/361/2011 (see Supplementary material, Table S2 , and Fig. S1 ).
Interestingly, amino acid changes in positions 144, 156, 172, 235 and 242, found when passing the vaccine strain A/Victoria/361/2011 in the presence of human and ferret sera, were found in viruses isolated from patients in this study (Table 1) . Similarly, an amino acid change in position 108, found in the human sera-grown A/Perth/16/ 2009 virus, was found in circulating strains. However, only in the case of mutation S235Y, the amino acid that changed was exactly the same (Table 3) . These data suggest that passing virus under contemporary immune pressure could reveal information about the most likely potential mutations leading to escape and could be useful in assessing virus risk and inform annual vaccine updates. To analyse the relevance of the identified mutations in evading the host immune response, HA protein sequences of virus stocks were sequenced and compared with the sequence obtained directly from the nasal washes. From the ten isolated viruses, two viruses presented two amino acid changes, and two viruses presented one point change (see Supplementary material, Table S3 ). However, none of these changes were located in known antigenic sites. The NA protein was sequenced as well to analyse changes in this protein among the viruses present in the nasal washes/swabs and the MDCK cell-grown viruses. All of the MDCK cell-grown stocks presented a polymorphism in the codon for residue 151, with the presence of D or N at residue 151. It has been observed that the mutation D151N facilitates the NA protein-mediated binding to RBCs, 34, 37 so all the HAI assays were performed in the presence of oseltamivir, a compound that binds in the sialic acid binding site of NA protein. 36 The isolated and vaccine strain viruses were used in HAI and MN assays with sera from ferrets infected with each vaccine reference strain. In both assays, antibody titres were 2-to 16-fold lower for all the isolated viruses than for the vaccine strain virus (Fig. 4) . These data indicated that the mutations found in the HA may contribute to the failure of antibodies to inhibit haemagglutination and to neutralize the viruses. 
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As discussed previously, human sera differ from ferret sera, and are more complex in terms of antibody repertoire, probably because of different histories of vaccination and infection. 33 HAI and MN assays were performed using the sera obtained from the subjects at the time of the acute illness visit (approximately 2-3 days after infection), and again approximately 28 days after. In both assays, antibody titres against the infecting viruses were 2-to 16-fold lower than those observed for the virus used for vaccination at either time-point (Fig. 5) . In all the subjects, virus-specific serum antibody titres increased by the post-illness visit. The data indicate that there was slightly higher fold increase in HAI and MN titres against the vaccine virus compared with the infecting virus for the 2010/11 season, but not the 2012/13 season, when the fold increase to the infecting viruses was much greater. The theory of antigenic distance 29 would suggest that in 2010/11, the infecting viruses were antigenically too close to the vaccine virus to effectively boost antibody responses, whereas the 2012/13 infecting viruses were distant enough to not compete with the vaccine elicited antibodies and B cells.
It has been proposed that under immune pressure, the HA proteins of influenza viruses incorporate mutations in the globular domain that increase or decrease the avidity of binding to sialic acids, [38] [39] [40] leading to lower or higher HAI titres, respectively. To be certain that decreased antibody titres were not due to increased binding of HA to its receptors, HA assays were performed using RBCs treated with different concentrations of RDE in the presence of oseltamivir. No significant differences were observed when comparing HA binding avidities of the virus A/Victoria/ 361/2011, the viruses incorporating mutations after growing them in the presence of ferret and human sera (Table 1) or viruses isolated from patients 55, 58, 65, 85, 90 and 91 (data not shown). In the case of viruses isolated from patients 21, 38, 44 and 47, four-, four-, four-and two-fold decreases in binding avidities, respectively, compared with virus A/Perth/16/2009 were detected (data not shown). These data indicate that the HA proteins encoded in the viruses isolated do not display increased binding avidities to the sialic acid cell surface receptors, and therefore, the lower antibody titres compared with the vaccine strains are most probably the result of antigenic changes. 
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To demonstrate whether subjects with no evidence of infection have generally higher antibody titres, suggesting that they are at lower risk for infection, sera from 24 subjects collected before the 2010/11 flu season with no evidence of infection, and sera from 12 subjects who were infected (see Supplementary material, Tables S4 and S5 , designated with an 'F', and sera from subjects 21, 38, 44 and 47), were evaluated in HAI assays using the virus A/ Perth/16/2009, and the virus isolated from patient 47 in 2010/11. As in Fig. 4 , serum titres were higher against the vaccine strain than against the infecting virus (Fig. 6 ). Interestingly, with few exceptions, serum titres from infected people were lower against the two viruses than in sera from non-infected people (Fig. 6) , which is consistent with the conclusion that lower antibody titres correlate with a higher risk of influenza virus infection.
Vaccination decreases the risk of infection by raising specific antibody titres. To analyse whether the titres of antibodies specific for influenza HA protein are higher in subjects vaccinated in the 2010/11 season, than in nonvaccinated subjects, sera from 23 vaccinated subjects, and sera from 12 non-vaccinated subjects (see Supplementary material, Tables S4 and S5), were evaluated in HAI assays using the virus A/Perth/16/2009. As expected, sera HAI titres were higher in vaccinated, than in non-vaccinated people (Fig. 7) , confirming that influenza vaccination increases HA antibody titres, and therefore decreases the risk of getting influenza virus infection.
Discussion
Influenza vaccination does not produce 100% protection from infection, 27 and although it is generally known that circulating viruses are antigenically variable, and that low antibody titres are correlated with increased risk from infection, studies that link the two phenomena are limited. Studies of human serum titres tend to focus on the prototypical vaccine strains, and do not often take into account variability in the infecting viruses as an additional component of risk.
Antigenic drift in the circulating strains results in annual re-evaluation of the strains chosen for the annual vaccine. Predicting the vaccine strains currently relies primarily on measuring antigenic variation in the circulating strains using panels of standardized ferret antisera raised against prototypical vaccine strains. 2 Sequence variation is 168 also considered, but it is not clear how the different measures of variation are weighted in the analysis and choice of strains to include in the vaccine. Adding more knowledge to the decision-making process could possibly improve the choice of vaccine strains. Directed selection could provide a means to assess how human immunity to a given seasonal strain is most likely to drive antigenic drift. Vaccine strain viruses passaged in the presence of different human and ferret sera selected mutations in the HA proteins matching the mutated sites found in circulating strains. We chose to use different combinations of patient sera with the rationale that protective antibodies would vary in different subjects. Interestingly, not all the patient sera selected for the same mutations, confirming that individuals have different antibody repertoires and pressures depending on the region of HA bound by the antibodies. Accordingly, a study using sera from different patients revealed variations in the binding of antibodies to different regions of HA proteins. 41 Similarly to our study, when an H3N2 strain was grown in the presence of three different patient sera, the mutations selected in the HA protein antigenic sites were not always the same for the three different sera. 22 To analyse whether the mutations selected after growing the viruses under immune pressure match those found in viruses infecting patients, the HA sequences of influenza A/H3N2 viruses from different isolates circulating in humans in the Rochester, NY area have been compared with the vaccine strains in each season, and with the sera-grown viruses. Compared with the A/Victoria/ 361/2011 vaccine strain, the mutations A144T (23%), G158R (23%), S161N (54%), H172Q (100%), S173L (54%), G202V (100%), S235Y (100%), K294N (100%), localized to antigenic sites in the 2012/13 isolates (Tables 3 and 4) , have also been found in samples obtained from subjects in Canada. 26 Similarly, among the 2010/11 isolates, the mutations N69D (43%), E78K (100%), H110Y (36%), M156I (7%), N160K (100%), T208I (28%), A215S (7%), A228T (100%), I230S (100%), V246I (36%), K294N (36%) and A296E (43%), were found using samples from Ontario, Canada. 42 However, in this previous study, mutations N61S (50%), I64T (7%), K64T (21%), A64T (7%), S173L (36%) and S214A (50%), were not described. The mutations N61S, I64T, E78K, N160K, S214A, A228T, I230S, I239V, found in the viruses from the 2010/11 season, were present in the viruses from the 2012/13 season, and were changed in the vaccine strain used for the 2012/13 season vaccination. These data reinforce the importance of sequencing viral isolates to inform vaccine updates. The strong similarities between in vitro selected viruses and the ones observed in circulation suggest that simulating immune pressure in vitro produces meaningful functional changes in the viruses that escape.
Of note, three different human sera selected the same three mutations in the vaccine strain A/Victoria/361/2011 HA protein (Q172R, D206E, Y235S, in antigenic sites B, B and D, respectively). Compared with the strain A/Victoria/361/2011, amino acid changes in two out of these three positions (172 and 235) were found in viruses isolated from patients in this study (Tables 3 and 4 ), in a previous study 26 and in 100% (amino acid 172) and 99Á7% (amino acid 235) of the HA sequences deposited in the IRD belonging to the 2012/13 circulating viruses in the USA. Sera from three other patients selected viruses with changes T144N (site B), I242N (site D) and I156R: VV d28   21  38  44  47  55  58  65  87  90  91   IV d28 IV d28 IV d0 VV d0 VV d28 IV d28 selection in vitro using antisera reveals strong similarities that could inform the decisions to select vaccine components. The HA antibody titres of the pre-season sera of people with no evidence of infection in the previous year were significantly higher than in the infected subjects (Fig. 6 ), suggesting that low antibody titres correlate with susceptibility to infection. Accordingly, in other studies, low titres of antibodies were predictive of fatal outcome following influenza A H1N1 2009 infection. 43 But why were the serum titres uniformly lower to the infecting variants? One possibility is that susceptible subjects have limitations on which antigenic variants they can respond to, perhaps due to limitations in their B-cell repertoire that reflect past exposures. It is well established, for example, that we remain immune to the viruses we are exposed to as children. 33 Such a phenomenon reduced risk from disease for subjects born before 1950 during the 2009 influenza virus pandemic. 10, 44, 45 Selection in the presence of antibodies to the HA can lead to increased binding of HA protein to cellular receptors, which in turn can reduce antibody titres in HAI assays because more antibody is needed to compete for binding to the HA. 40 Other studies have produced variable results on receptor binding when selecting viruses in the presence of antibodies. 38 In our hands, HA binding avidities of circulating and sera-grown viruses were the same or lower than the vaccine strains. These observations demonstrate that the effects of antibody selection can be variable in how they affect receptorbinding avidity.
H3 HA proteins have progressively reduced receptor binding avidity and altered receptor specificity since the viruses H3N2 emerged in 1968. 46, 47 Consequently, cell culture isolation of H3 viruses can select mutations in NA protein that facilitate agglutination. 34, 35, 48 Similarly, we have found a D151N mutation in the NA protein in viruses isolated in MDCK cells that was not present in viruses from human nasal washes/swabs. This mutation confers strong sialic acid binding and an ability to agglutinate through the NA protein. 34, 35, 48 In the presence of oseltamivir, HA titres were reduced with these mutated viruses (data not shown and refs 34, 35) , further corroborating that the mutated NA protein can mediate RBC agglutination. We found strain-dependent differences in the titres obtained in the HAI and MN assays. These differences could reflect the types of antibody activity revealed in the two approaches. For example, in the MN assays, antibodies against the NA protein, not relevant in the HAI assays, could also neutralize the virus. 5, 6 In the MN assays, we did not directly investigate the contribution of the mutation in the NA protein found after growing the viruses in MDCK cells (D151N). However, it has been shown that this mutation does not affect the ability to detect HA-specific neutralizing antibodies in the MN assay. . The P-value using the Wilcoxon rank sum test, comparing the sera from non-infected and infected subjects against each virus, is indicated. The mean and standard deviation are also plotted. Experiments were repeated three times, showing reproducible data.
In this study, we show that viruses that resemble circulating immune escape mutants can be identified in vitro by culturing vaccine strain viruses in the presence of different immune serum. The observation suggest that this strategy could be used to inform the selection of virus strains for annual vaccine production, along with existing approaches using antigenic cartography and sequence variation. Further, these studies show that, on a personto-person basis, increased risk of infection can be a result of both a poor response to the vaccine as well as antigenic variation in the circulating strains. The observations suggest that risk from infection is due not only to low antibody titres, but also to limitations in how we respond to immunization, as well as the viruses we are exposed to. The studies highlight the need to better understand the basis of failed vaccine protection and the factors that influence individual responses to infection or vaccination. Such knowledge will lead to improved seasonal vaccines and novel strategies that induce more broadly protective influenza vaccines.
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